Summary. In Exp. 1, Medium 199 and Medium RD (RPMI-1640 and Dulbecco's MEM, 1:1 v/v) were compared in a 2 \m=x\2 factorial design by supplementing each with 15 mg bovine serum albumin (BSA)/ml or 1 mg polyvinyl alcohol (PVA)/ml. All media contained 5 \g=m\ginsulin/ml, 5 \g=m\gtransferrin/ml, 5 ng selenium/ml (ITS), and 10 ng epidermal growth factor (EGF)/ml. One-cell 
Introduction
The ability to culture mammalian preimplantation embryos in defined media has been a goal of developmental biologists for many years. The advantages of defined media, which contain only highly purified ingredients, are numerous. First, to understand fully the requirements for embryo development it is essential to know the precise composition of the medium in which embryos are grown. Secondly, supplementation with undefined components, such as serum or serum proteins, is a source of undesirable experimental variation. Finally, the use of a defined medium eliminates the potential introduction of viruses and bacteria, and their metabolites, which are common contaminants of undefined components (Ham, 1981) .
The undefined component most commonly found in mammalian embryo culture media is bovine serum albumin (BSA) (Westphal, 1970; Peters, 1975) . Different lots of BSA vary tremendously in their ability to support embryo development (Kane, 1983) . Even highly purified albumin is problematic due to its great capacity for binding substances in the defined portion of the culture medium, making their free concentration unknown to the investigator (Ham, 1981) .
Attempts to culture rabbit embryos in defined media have met with limited success. When Kane & Foote (1970) omitted BSA from their BSM II (modified Ham's FIO) medium, 1-cell embryos reached the morula stage, but did not form blastocysts. The same result was observed upon replace¬ ment of BSA with the synthetic macromolecule, polyvinyl alcohol (Kane, 1987) . We have now examined in-vitro development of rabbit 1-cell embryos to the hatching blastocyst stage and birth of live young after culture in a defined culture medium free of exogenous protein.
Materials and Methods
Culture media. Evaluated in this study were Medium 199, used in earlier rabbit embryo culture experiments , and Medium RD, previously untested with rabbit embryos. Medium RD isa 1:1 (v/v) mixture of RPMI-1640 and Dulbecco's Modified Eagle's Medium (high glucose modification) introduced for the culture of hybridoma cells (Goldsby, 1989) , but chosen for evaluation in the present study based on its use for the co-culture of mouse embryos with oviduct epithelial cells (Priestley & Black, 1988 Media 199 and RD were used with or without BSA. In both experiments the media were also supplemented with 5 µg insulin/ml, 5 µg transferrin/ml, 5 µg selenium/ml, and 10 ng epidermal growth factor/ml (Collaborative Research, Bedford, MA, USA). The concentrations selected were based on previous studies with rabbit embryos .
Experiment 3 was designed to determine the importance of supplementing Medium RD with insulin, transferrin, selenium, and epidermal growth factor. Embryos were cultured in Medium RD, without BSA or PVA, but which contained, at the same concentrations used previously: (a) the complete supplement, (b) insulin, transferrin, and selenium only, (c) epidermal growth factor alone, (d) insulin alone, or (e) no supplement. In Exp. 4, embryos were cultured for 120 h in protein-free Medium RD to determine maximal development in vitro in this medium.
Embryo collection and culture. One-cell embryos were collected from superovulated Dutch-belted does (Kennelly & Foote, 1965) 19 h after LH by flushing oviducts with phosphate-buffered saline (Gibco) containing 1 mg PVA/ml to facilitate embryo handling (Bavister, 1981; Kane, 1987) and 5 antibiotic-antimycotic solution. Embryos were washed twice with 3 ml flushing medium each time. Any abnormal embryos or ova, as judged by the presence of a granular cytoplasm, irregular shape, or excessively thick mucin layer, were discarded. Embryos from each super¬ ovulated donor were divided equally and randomly assigned to treatment groups. Groups of 2-10 embryos were cultured for 65 h in individual wells of 4-well dishes (NUNC, Kamstrup, Denmark) containing 0-5 ml medium at 39°C in an humidified atmosphere of 5% C02 in air. As the present study was concerned primarily with oviducal-stage embryos, the 65-h culture period was chosen to approximate the 62-70 h time period in which rabbit embryos normally reside in the oviduct (Hodgson & Pauerstein, 1976 (Pursel et al., 1985) . Accurate counting of nuclei at 500-800 under epifluorescence illumination was facilitated by the use of an ocular grid.
In Exp. 4, embryos were evaluated at 24, 48, 65, 72, 96 and 120 h of culture and the percentages of early (intrazonal diameter < 134 µ ), expanding (diameter > 134 µ ), and hatching (cell mass extruding through zona pellucida) blastocysts were recorded.
Embryo transfer. As a preliminary test of the developmental competence of embryos cultured in protein-free Medium RD, 1-cell embryos collected 19 h after LH were cultured for 48 or 65 h and then transferred to the oviducal ampullae of synchronized pseudopregnant recipient does (Exp. 5). Donor-recipient synchronization was achieved by injecting both with LH or GnRH at the same time The arcsine/square root transformation (Zar, 1984) was applied to percentage data, while blastomere number data were transformed logarithmically. Two-way analysis of variance was performed, using the general linear models procedure of the Statistical Analysis System (SAS Institute, Cary, NC). The experimental error variance was used to test differences among means based on protected Fisher's least significant difference tests (Snedecor & Cochran, 1980) , and < 005 was considered statistically significant. However, when biologically important relationships approached the arbitrary statistical significance level of < 005, the actual value is given.
Results

Experiment 1
Embryos cultured in Medium 199 with PVA had significantly fewer blastomeres (P < 0001) after 65 h in culture than did embryos grown in Medium 199 with BSA (Table 2) 
Experiment 4
In this experiment (Figs 1, 2) , 82% of 88 1-cell embryos cultured in unsupplemented Medium RD had reached the blastocyst stage and 40% were hatching through the zona pellucida by 96 h in culture. Mean intrazonal embryo diameter at 96 h was 146 pm. By 120 h, 51/88 (58%) had a degenerate appearance, although 92% of the remaining 37 embryos had started to expand and 65% were hatching through the zona pellucida.
Experiment 5
As a preliminary measure of post-culture development potential, 1-cell embryos were cultured for 48 or 65 h in RD medium and then transferred to synchronous pseudopregnant recipients. This resulted in 5/18 (28%) and 3/24 (12%) Day-15 viable fetuses, respectively. These percentages were significantly (P < 002) less than those of immediately transferred control 1-cell embryos *A11 media also contained 5 µg insulin/ml, 5 µg transferrin/ml, 5 ng selenium/ml, and 10 ng epidermal growth factor/ml, but no PVA was used.
tSee Table 2 , footnote 2.
abNumbers within columns with different superscripts differ (P < 005). The initial plan leading to the present results was to replace BSA, the only undefined compo¬ nent in the media evaluated, with the synthetic macromolecule, PVA. Polyvinyl alcohol and similar polymers have been used by embryologists to prevent embryos from sticking to glass and plastic surfaces during in-vitro manipulation (Kane, 1987) and have been added to culture media to serve as a biologically inert macromolecule. The concentration of PVA chosen for use was one based on a prior report (Bavister, 1981) , as well as previous experience. Other proteins in the media included highly purified insulin, transferrin, and epidermal growth factor. The results demonstrated that the requirement for macromolecules, such as BSA, by rabbit embryos for blastocyst development in Medium 199 and other culture media (Kane & Foote, 1970; Kane, 1987) could be eliminated by culture in Medium RD without BSA (Table 2) .
Having obtained positive results using Medium RD without BSA, but containing PVA, insulin, transferrin, selenium and epidermal growth factor, the next step was to omit these molecules sys¬ tematically. In Exp. 2 ( (Table 4) .
It was of particular interest to know whether the presence of insulin, transferrin, selenium, and epidermal growth factor, as used in Exps 1 and 2, was critical for embryo development in Medium RD. Insulin and epidermal growth factor can stimulate development of mouse embryos in vitro (Caro et ai, 1987; Harvey & Kaye, 1988; Wood & Kaye, 1989) , but their effects on rabbit embryos were unknown. Surprisingly, development of embryos in Medium RD containing insulin, transferrin, selenium and/or epidermal growth factor, as judged by appearance and total cell counts, was no better than development of embryos in unsupplemented, protein-free Medium RD (Table 4) .
That these factors did not increase rate of development does not preclude a role for them. The concentrations used in this experiment may not have been optimal for culture in Medium RD, or their effects could be manifested later in development, as in the case of insulin stimulation of mouse embryos (Gardner & Kaye, 1986) . Alternatively, rabbit embryos may contain endogenous growth and differentiation factors acting in an autocrine manner (Werb et ai, 1989) .
Because the present study was concerned primarily with the culture requirements of oviducalstage embryos, embryos in Exps 1-3 were fixed after 65 h of culture to approximate the 62-70 h oviducal transit time in rabbits (Hodgson & Pauerstein, 1976 (Greenwald, 1962) . The lack of this mucin layer on cultured rabbit embryos (Fig. 2) has been suggested to be responsible for the historically poor survival rate of cultured and transferred rabbit embryos (Binkerd & Anderson, 1979) .
Apart from allowing embryo development under highly defined conditions, the present results with Medium RD also constitute progress toward achieving development in vitro which temporally parallels development in vivo. Other media used previously (Carney et ai, 1990) (Chatot et ai, 1989) . Culture in Medium RD also yielded results superior to those achieved using a co-culture system with rabbit oviduct epithelial cells (Carney et ai, 1990) . The rate of cell division is still somewhat slower in vitro (120 cells) than in vivo (195 cells; ), but the percentage of embryos forming blastocysts in Medium RD (68%) was equal to that of embryos of the same age which had developed in vivo .
Two questions arising from these experiments are: (1) what is the function of BSA in suboptimal media, such as Medium 199, and (2) how is this function replaced or made obsolete by culture in Medium RD? One possible explanation relates to the high-capacity, low-specificity bind¬ ing properties of BSA (Peters, 1975) . Medium 199 contains 15 additional compounds which are not in Medium RD (Table 1) , some of which may be inhibitory. Fissore et ai (1990) found that BSA can be replaced by ethylenediaminetetraacetic acid (EDTA) for the culture of mouse zygotes into blastocysts. Therefore, the function of BSA in Medium 199, and possibly other suboptimal media, may be to protect embryos by binding inhibitory molecules.
A different hypothesis is based on the concentration of inositol, which is more than 400 times higher in Medium RD (117 µ ) than in Medium 199 (0-28 µ ). The inositol concentration in rabbit oviduct fluid has been reported to be 14 mM (Grégoire et ai, 1962) . Inositol may have a key role in the regulation of rabbit embryo growth, as increased blastocyst expansion (Kane, 1989) and incor¬ poration of radiolabelled thymidine and amino acids were observed upon raising the concentration of inositol in a modified Ham's FIO medium from 3 to 75 µ (Kane et ai, 1988) . In media which contain extremely low levels of inositol, BSA may benefit embryos by providing inositol in bound form.
The simplest explanation for the success of Medium RD may be that its balance of amino acids, vitamins, carbohydrates and salts are more nearly optimal for the culture of rabbit embryos than other media tested. Studies with somatic cell lines indicate that requirements for the addition of serum, growth factors, or conditioning by feeder cells to achieve maximal cell growth can be reduced drastically by optimizing the low molecular weight portion of culture media (McKeehan et ai, 1981) .
In conclusion, a protein-free medium has been found to promote more rapid embryo develop¬ ment in the rabbit than was obtained previously by co-culture with oviduct cells, or with other culture media tested (Carney et ai, 1990) . This result represents significant progress towards achieving the dual goals of improving embryo development in vitro and obtaining such development in a defined culture medium. The ability to obtain excellent development of rabbit embryos in defined media will facilitate a more precise understanding of the requirements for mammalian preimplantation embryo development, as investigators now can have strict control over culture medium composition, and variability between laboratories should be reduced.
